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The  discovery  of magnetic  dichroism  in  photoemission  is celebrating  its 25th  anniversary  this  year.  Here
a review  of the  underlying  general  theory  for  the  angular  and  spin  dependence  of dichroic  core-level  pho-
toemission  is  presented  using  both  a single-particle  model  and  a  many-body  approach.  The  established
methods  of  angular  momentum  coupling  offer  an  elegant  and  powerful  way  to  analyse  the magnetic
dichroism  and  spin  polarization  in photoemission  from  core  and  localized  valence  levels.  In the  presence
of  core-valence  interactions  one  can distinguish  different  fundamental  spectra,  which  via sum  rules  are
related to  physical  properties  described  by  coupled  tensor  operators  for spin  and  orbital  moments.  Byhiral geometry
um rules
separating  the  angular  dependence  from  the  physical  information,  different  geometries  can  be distin-
guished  to measure  the  magnetic  circular  dichroism  (MCD),  linear  dichroism  (LD),  circular  dichroism  in
the  angular  dependence  (CDAD),  and  magnetic  linear  dichroism  in  the  angular  dependence  (MLDAD).
Various  ways  to  probe  the  core-hole  polarization  are  discussed,  such  as  using  the  angular  dependence,
moment  analysis  of  the  spectral  distribution,  and  resonant  photoemission  decay.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
First observed in 1887 by Hertz [1], the photoelectric effect was
xplained in 1905 by Einstein [2] as caused by the emission of
lectrons when a material is irradiated with light. Photoemission
easurements on solids gained popularly in the 1970s with the
ppearance of ultra-high vacuum conditions, able to maintain clean
urfaces, and high-resolution electron energy analysers, single-
lectron counting technique and image plates. A further spur came
rom the advent of synchrotron radiation sources in the 1980s.
 wide array of techniques has since become available, such as
ngle- and spin-resolved photoemission, isochromat spectroscopy
nd resonant photoemission.
For long it was commonly believed that core level photoemi-
sion would not depend on the linear or circular polarization of
he incident photons, except near threshold. It came therefore as a
arge surprise in 1990 when Baumgarten et al. [3] reported the mag-
etic circular dichroism (MCD) in core-level photoemission from
erromagnets, which was soon conﬁrmed by others [4,5]. It was
ound that the dichroism did not disappear when the magnetiza-
ion direction is perpendicular to the light helicity vector [6]. A
trong dichroism was observed at the surface of Ni metal due to
n enhanced orbital moment [7], and MCD  was also reported in
esonant photoemission [8].
E-mail address: gerrit.vanderlaan@diamond.ac.uk
ttp://dx.doi.org/10.1016/j.elspec.2015.06.001
368-2048/© 2015 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
Reversing the magnetization direction perpendicular to the
plane of measurement in a chiral geometry gave rise to a new
effect called magnetic linear dichroism in the angular dependence
(MLDAD) in photoemission, as ﬁrst reported in 1993. [9–11] A year
later, it was  explained as being due to the interference between the
two outgoing photoemission channels [12,13].
An invaluable method to the analysis of the photoelectron dis-
tribution in a complete experiment, as determined by the photon
energy, kinetic energy, emission angle, magnetization direction,
crystal orientation and spin direction, is the separation of the tran-
sition probability into a dynamic (or physical) part and a geometric
(or angular) part. Photoemission is rarely measured angle inte-
grated, instead only a narrow cone of emitted electrons is collected
by the analyser. In crystalline and magnetic samples the exper-
iment is then characterized by at least three vectors, i.e., those
of the crystal orientation or magnetization direction, M,  the light
polarization, P, and the electron emission direction, ε. Addition-
ally, spin resolved photoemission has the spin direction, PS , of the
emitted electron. When these vectors are coplanar the analysis is
fairly straightforward, although the emission intensity and spin
polarization will strongly depend on the angles. When these vec-
tors are collinear the photoemission is even simpler to analyse and
resembles in some aspects the simple case of angle integrated emis-
sion, where interesting effects remain hidden. However, when the
three vectors are neither coplanar nor mutually perpendicular, the
geometry can have a handedness. This means that if one of the odd
vectors is reversed, such as the magnetization or the light helicity,
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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In the following, we  use the theory of second quantization to
write the transition probability in terms of creation and annihi-44 G. van der Laan / Journal of Electron Spectros
he opposite handedness is obtained, which gives a change in the
hotoemission signal. Such geometries turn out to be of great inter-
st. Whilst a combination of isotropic and linear polarized light can
e obtained by adding up the contributions from left and right circu-
arly polarized light, the opposite, creating circularly polarized light
rom linearly polarized light is excluded by parity conservation.
owever, by using the handedness (chirality) of the photoemission
eometry, it becomes possible to measure with linear polarization
he same dichroic spectrum as with circular polarization.
Core-level photoemission has become an important tool for
he study of the electronic and magnetic properties of transition
etal, rare earth and actinide compounds [14–18]. The pres-
nce of core-valence interactions in the ﬁnal state is evidenced
y the occurrence of multiplet structure and charge-transfer
atellites in spectra, which allows to extract details about the
haracter of the ground state [19]. The advent of sophisti-
ated insertion devices for polarized synchrotron radiation have
nabled the exploration of the polarization dependence in the core
xcitations.
This paper presents a theoretical overview and treats dichroic
hotoemission in a wider context, evoking fundamental spectra,
oment analysis, core-hole polarization, and resonant decay pro-
esses. These topics are captured by the elegant methods of angular
omentum coupling, which provide very general solutions, not
nly for atomic spectroscopy but also for other disciplines such as,
.g., nuclear shell theory [20]. We  will present the more general and
ractical aspects of dichroic photoemission with the emphasis on
undamental spectra, angular dependence and chirality. By recou-
ling the expression for the transition probability we can separate
he geometric and dynamic part. The latter describes the physical
roperties of the atom, containing information about the proper-
ies connected with the electron shell, as well as the relationship
etween these states and the ﬁnal state.
We  will proceed by following a series of papers by Thole and
an der Laan, [21,22,12,23], which give a rather complete account
f the theory for spin polarization and circular and linear dichroism
n photoemission from core and valence states in localized mag-
etic systems. After a description of the basic principles in Section 2,
24] ﬁrst the angle-integrated photoemission is analyzed in Sec-
ion 3. [21] This provides a solid basis to introduce the fundamental
pectra, which in the presence of electrostatic interactions give the
orrelation between the spin and orbital moments of the core and
alence electrons. We  discuss the emission from both one-electron
tates [25] and multi-electronic conﬁgurations. Sum rules relate
he integrated intensities of the spectra to the expectation values of
round state operators, given by coupled tensor operators [22]. The
pectral distribution allows us to extract information about higher
rder moments [26]. The angular dependence is treated in Sec-
ion 4. The geometry can be separated from the physical part, which
ives the fundamental spectra. The angular distribution exposes the
igher multipole moments. Section 5 discusses in more detail the
eometrical aspects, where a chiral geometry leads to MLDAD and
DAD. Using group theory it is shown that these spectra form inde-
endent linear combinations. Section 6 brieﬂy shows how crystal
eld symmetry can be implemented into the theory. Section 7 gives
 concise comparison with X-ray absorption spectroscopy (XAS)
nd also discusses the core-hole polarization. Section 8 presents
he theory of spin polarization and magnetic dichroism in resonant
hotoemission decay. Compared to XAS, it can measure different
inear combinations of ground state moments. Finally, several illus-
rations are presented in Section 9. The correlation between spin
nd orbital moments is extracted from the fundamental spectra in
he case of the Gd 4d photoemission. The inﬂuence of the diffraction
ffects is shown. The MCD  and MLDAD are shown to be equivalent
n the case of hard X-ray photoemission. Conclusions are drawn in
ection 10.nd Related Phenomena 200 (2015) 143–159
2. Basic principles
Some insight in the philosophy on which the dichroic photo-
emission rests can be obtained by considering a core level  which
is split into orbital sublevels m.  When these sublevels are energy
degenerated, the core state has a spherical symmetry. By lifting
the degeneracy, the sublevels will split in energy and have dis-
tinctly different orbital moments. The core-hole sublevel splitting is
caused by the electrostatic interaction with the magnetically polar-
ized valence electrons. Alternatively, in a one-electron model, the
splitting can be described as due to an effective spin ﬁeld in com-
bination with spin–orbit interaction to split the orbital sublevels.
For each sublevel m,  the dipole transition probability is different for
left- (m = −1) and right- (m = +1) circularly polarized radiation.
For instance, for emission from a sublevel m = to the continuum
state c =  −1 with components  , where −  +1 ≤  ≤  −1, the tran-
sition m = −1 is allowed, but the transition m = +1 is not possible.
Thus the polarized core state gives rise to a strong circular dichro-
ism in photoemission.
An important ingredient is the conservation of angular momen-
tum in the transition. This is easy to see in angle integrated
photoemission, where the emitted electron distribution has zero
moment, so that the light transfers its full moment to the atom.
We can make new linear combinations of the polarized spectra,
the so called fundamental spectra Ixy, in which the electric-dipole
radiation transfers an orbital moment of x = 0, 1, or 2 for the
isotropic spectrum, circular, and linear dichroism, respectively, and
the photoelectron spin carries away a moment y = 0 or 1 in the case
without and with spin detection, respectively. Then, the spectra
Ixy give the probability for removing an electron with moments x
and y. In the presence of core-valence interactions, these funda-
mental spectra will reveal the correlation between spin and orbital
moments of the core hole and the valence band. Moreover, the inte-
grated intensities of the fundamental spectra give the expectation
values of the spin and orbital moments of the emitting shell. For
instance, the magnetic circular dichroism and spin spectrum relate
to the ground state orbital and spin magnetic moment, respectively.
This is particularly useful in the case of the localized 4f shell of the
rare earths, which is partly ﬁlled.
Since lifting the energy degeneracy leads to an anisotropic
charge distribution, the core hole polarization can be measured in
angle dependent photoemission. Using momentum conservation
we can tackle the angular dependent photoemission, by consider-
ing that the emitted photoelectron carries away a moment, which is
even due to parity (b = 0, 2, or 4). Now, each fundamental spectrum
produces a limited set of angular distributions. Higher moments of
the atom can be reached compared to angle-integrated photoemi-
ssion. Interference effects between the two  different continuum
states gives rise to ‘odd’ waves, which can be observed in a chiral
geometry, spanned by the three vectors of the light polarization,
magnetization and emission direction.
We  will describe resonant photoemission as a two-step process
in which the ﬁrst step is X-ray absorption that gives a polarized core
hole and an additional valence electron. In the second step the core
hole decays by Coulomb interaction under emission of an electron
whereby a two-hole state is created. In XAS (and XMCD) the sum
rules measure only the number of holes (monopole moment) in
the core level, and the core hole polarization manifests itself in the
spectral line shape. The angular dependence of the resonant pho-
toemission allows us to obtain also the higher moments of the core
hole. Compared to XAS, this gives new sum rules which measure
different combinations of the ground state moments.lation operators. This enables us to derive formulae that do not
dependent on the precise nature of the initial and ﬁnal states, and
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re thus independent of the coupling scheme. In this way a max-
mum amount of information can be acquired using a minimum
umber of constraints. The quantum theory of angular momentum
ill be used to recouple the transition matrix elements.
. Angle-integrated photoemission
Consider an initial state | 〉 containing electrons in atomic shell
 with orbital and spin components m and , respectively. The state
 〉 may  contain also other closed shells and open shells interacting
ith the shell  by electrostatic interactions. Electric 2Q-pole tran-
itions with light polarization q are allowed for |c − Q| ≤  ≤ c + Q
with c+ Q +  even) to ﬁnal states | ′, c〉, containing an electron
n a continuum state c with orbital and spin components  and ,
espectively. We assume that c has no interactions with the rest
f the system. The light acts only on the orbital part, which means
he spin component  is conserved in the transition. The transition
atrix element for  → c photoemission is given as
TQq =
∑
m
〈 ′, c|c†m | 〉〈m|CQq |c〉
=
∑
m
〈 ′|m | 〉〈m|CQq |c〉,
(1)
here m is the annihilation operator of an electron in shell 
nd c† is the creation operator of an electron in continuum state
, and CQq (, ) is the normalized spherical harmonic for the light
olarization q (with q = −Q, −Q + 1, . . .,  Q). Restricting us in this
ection to angle-integrated photoemission means we  can sum over
. The photoemission intensity is equal to
Q
q′′q =
∑
m′m
TQ∗q′′T
Q
q =
∑
m′m
〈 |†m′′ | ′〉〈 ′|m | 〉 |〈‖TQ ‖c〉|2
× (−)2−m′−m
(
 Q c
−m′ q′ 
)  (
 Q c
−m q 
)
, (2)
ith a reduced matrix element
‖TQ ‖c〉 ≡ [c]
(
 Q c
0 0 0
)
RQc, (3)
here we introduced the shorthand notation [ c] = (2  +1)(2c + 1).
he radial matrix element RQc is a function of the kinetic energy but
aries only slowly over the narrow range of the core level spectrum
27].
The 3j-symbol (or Wigner coefﬁcient)—denoted by the
arentheses—is related to the well-known Clebsch-Gordan coef-
cient 〈  mQq|c〉,
 Q c
−m q 
)
= (−)−m[]−1/2 〈mQq|c〉,  (4)
ut the use of 3j-symbols is favoured because they have higher
ymmetry properties [28,29]. Their value can be obtained, e.g., by
sing freely available calculators on the Internet. The 3j-symbol is
ero unless the following conditions are satisﬁed:  + Q + c, which
s an integer, is even if m = q =  = 0 (parity rule), c+ Q ≥  and
 + Q ≥ c and  + c ≥ Q (triangle inequalities), and −m + q +  = 0 (rota-
ional invariance). We  immediately recognize these as the relevant
hysical conditions for angular momentum conservation, i.e., the
election rules for optical transitions.
The spectra Iq′′q depend on the ﬁnal core-hole state | ′〉 and
y using energy conservation they can be written as a function ofnd Related Phenomena 200 (2015) 143–159 145
the photon energy ω, photoelectron kinetic energy Ek, and initial-
and ﬁnal-state energies Eg and Ef,
IQq′′q(E, ω) =
∑
f
IQq′′q(f ) ı(E + Ef − ω − Eg). (5)
The energy ı-function plays no role in the momentum coupling and
hence shall be omitted in the following.
3.1. Deﬁnition of the fundamental spectra
Fundamental spectra Ixy


are deﬁned as linear combinations of
the primitive spectra Iq′′q , where we introduce the multipole
moments x and y with components 
 and , respectively,
Ixy


≡ n−1Qx n−1sy
∑
qq′′
(−)Q−q′+s−′
×
(
Q x Q
−q′ 
 q
)  (
s y s
− ′  
)
Iq′′q (6)
with s = 1/2 and normalization factors
nQx ≡
(
Q x Q
−Q 0 Q
)
= (2Q )!√
(2Q  − x)!(2Q + 1 + x)!
, (7)
which remove the square roots. In Ixy we omit the index Q to
reduce cluttering. The light polarization and photoemission spin
have moments a and h, respectively. Due to momentum conserva-
tion, in angular integrated photoemission they correspond to the
orbital moments x (= a) and spin moment y (= h) of the shell , as
we will derive in Section 3.2. Eq. (6) can be written as
Ixy


=
∑
qq′′
VQx
q′q
V
sy
′Iq′′q, (8)
by using the notation for the normalized 3j-symbols
VQx
q′q
 ≡ n−1Qx (−)
Q−q′
(
Q x Q
−q′ 
 q
)
, (9)
Vsy′ ≡ n−1sy (−)
s−′
(
s y s
− ′  
)
. (10)
The triad (QxQ) gives the triangle condition x = 0, 1, . . .,  2Q with
components 
 = q′ − q, where −x ≤ 
 ≤ x. Eq. (9) can be written out
as a two-dimensional matrix of rank [Q] with elements q′q,
VQx


=
∑
q′q
|Qq′〉VQx
q′q
〈Qq|  ≡
∑
q′q
Q ∗q′QqV
Qx
q′q
, (11)
where Q ∗q = (−)qQ−q. For instance, for Q = 1 (denoted here as L),
VL0
 =
⎛
⎝ 1 0 00 1 0
0 0 1
⎞
⎠ , VL1
 =
⎛
⎝ 1 −1 01 0 −1
0 1 −1
⎞
⎠ ,
VL2
 =
⎛
⎝ 1 −
√
3
√
6√
3 −2
√
3√
6 −
√
3 1
⎞
⎠ .By convention, the ﬁrst, second and third element in the top row
correspond to |1〉〈1|, |1〉〈0|, and |1〉〈-1| (i.e., L∗1L1, L∗0L1, and L∗−1L1),
respectively.
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(−)c−  Q c−m q  −m′ q′ 
=
∑
x

(−)′+Q+c−
 [x]
{
 x ′
Q ′ c Q
}
×
(
Q ′ x Q
−q′ 
 q
) (
′ x 
−m′ 
 m
)
, (20)46 G. van der Laan / Journal of Electron Spectros
The VLx


can be separated in its different 
 (= m′ − m) values,
y taking the coefﬁcients on a line parallel to the diagonal of the
atrix, which gives a scalar, vector, and tensor, respectively,
10
0 =
1
2
(L∗1L1 + L∗0L0 + L∗−1L−1), (12)
V111 = L∗0L1 + L∗−1L0,
V110 = −L∗1L1 + L∗−1L−1,
V11−1 = −L∗1L0 − L∗0L−1,
(13)
V122 = −
√
6 L∗−1L1,
V121 = −
√
3 (−L∗0L1 + L∗−1L0),
V120 = −(L∗1L1 − 2L∗0L0 + L∗−1L−1),
V12−1 = −
√
3 (L∗1L0 − L∗0L−1),
V12−2 = −
√
6 L∗1L−1,
(14)
his result can be veriﬁed by substituting the familiar orbital
omentum matrices
1 =
⎛
⎝ 0 −1 00 0 −1
0  0 0
⎞
⎠ , L0 =
⎛
⎝ 1 0 00 0 0
0 0 −1
⎞
⎠ ,
−1 =
⎛
⎝ 0 0 01 0 0
0 1 0
⎞
⎠ ,
nto Eqs. (12)-(14), which returns the matrices VLx


[30].
For the spin, the triad (sys) in Eq. (10) gives the triangle condi-
ion y = 0, 1 with components  =  ′ − , where −y ≤  ≤ y. It can be
ritten as a two-dimensional matrix Vsy of rank 2 with elements
′,
s0
 =
(
1 0
0 1
)
; Vs1 =
(
1 −
√
2√
2 −1
)
.
Such matrices are useful to evaluate the spectra in a crystal
eld with arbitrary point-group symmetry, as brieﬂy discussed in
ection 6.
In cylindrical symmetry (SO2) with ﬁeld along the z-axis, there
re no cross terms (i.e., m′ = m),  so that 
 = 0, and taking the spin
irection along the same axis,  ′ = , so that  = 0, only the spectra
xy
00 exist, giving (2  +1)(2s + 1) spectra called I
xy. Then we require
nly the diagonal elements, VQxq ≡ VQxq′q
ı
,0, which have the simple
nalytical form
Q0
q = 1, (15a)
Q1
q =
q
Q
, (15b)
Q2
q =
3q2 − Q (Q + 1)
Q (2Q − 1) , (15c)
Q3
q =
5q3 − q(3Q2 − 1)
Q (Q − 1)(2Q − 1) ,  (15d)
tc. For dipole transitions (Q = 1), Eq. (8) gives for the x moment
0 = I1 + I0 + I−1, I1 = I1 − I−1, and I2 = I1 − 2I0 + I−1, which correspond
o the isotropic spectrum and the circular and linear dichroism,
espectively.Similarly, for the y-moment we obtain I0 = I↑ + I↓ and I1 = I↑ − I↓,
here  = 12 , − 12 is denoted by ↑, ↓, respectively. Thus y = 0 and 1
orrespond to the measurement without and with spin detection,
espectively. Combined, this gives the fundamental spectra Ixy asnd Related Phenomena 200 (2015) 143–159
the linear combination of Iq listed in Table 1. In the presence of
spin–orbit interaction, x and y couple to a moment z of the total
angular momentum j, which gives the fundamental spectra
Ixyz ≡ n−1xyz
∑


Ixy


(
x z y

  
)
, (16)
with |x − y| ≤ z ≤ x + y and x + y + z = even. The normalization con-
stant is deﬁned as [12,31]
nabc ≡
(
a b c
0 0 0
)
, (17)
for a + b + c = even. Note that
Ixy =
∑
z
Ixyz. (18)
Our situation would be ideal if we  could measure
Ixyz ∝
∑
qM
IqMV
Qx
q V
sy
 V
Jz
M, (19)
in which case all eight spectra Ixyz could be separated, but this
clearly requires IqM to be measured for all M,  which is impractical
because we  would have to populate those M sublevels speciﬁcally.
Therefore, in practise we work with Ixy with the minor disadvan-
tage that for two spectra z is summed over two  terms [21]. We
shall return to this in Section 3.3, when we discuss the fundamental
spectra of one-electron states.
3.2. Physical meaning of fundamental spectra
Now we  know how to make the fundamental spectra (Table 1),
we also need to understand their meaning. The spectra Ixy give the
probability for removing an electron with moments x and y. The
I00 spectrum is independent of the external ﬁeld. The other spectra
require an external ﬁeld, i.e., exchange and/or Coulomb interaction
to correlate the moment of the core electron with that of the valence
electrons. An odd value of x involves an oriented orbital moment
(dipole, octupole, etc) and an even value of x involves a (magnet-
ically or electrostatically) aligned orbital moment (quadrupole or
hexadecapole, etc).
To recouple Eq. (2), we  use the relation YLV4 [32–34],
∑ ( )( ′ Q ′ c )where the product of two  3j-symbols is summed over  . The result
is then substituted into Eq. (6) (omitting the radial matrix element
given in Eq. (3)), and the orthogonality relations of the 3j-symbols
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Table  1
Angle-integrated photoemission: Fundamental spectra Ixy for Q = 1 as linear combinations of primitive spectra Iq , where  = 12 , − 12 is denoted by ↑, ↓, respectively. The last
column gives the sum rules for the integrated intensities xy , which can be related to the spin and orbital moments of the  shell.
Photoemission spectrum Ixy =
∑
q Iq xy =
∫
IxydE
Isotropic spectrum I00 = I1↑ + I0↑ + I−1↑ + I1↓ + I0↓ + I−1↓ 00 ∝ 〈n〉
Spin spectrum I01 = I1↑ + I0↑ + I−1↑ − I1↓ − I0↓ − I−1↓ 01 ∝ 〈Sz〉
Orbit spectrum (MCD) I10 = I1↑ − I−1↑ + I1↓ − I−1↓ 10 ∝ 〈Lz〉
Spin–orbit spectrum I11 = I − I − I + I 11 ∝ 〈
∑
 (i)s (i)〉
 2I0↓ +
 2I0↓ −
(
I
T
m
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m
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A
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A
A
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〈
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I21 = −5/3. This alerts us to the fact that for a mixed |m, 〉 state∑
m
〈nm 〉m /=
∑
m
〈nm 〉m ·
∑
m
〈nm 〉. (30)
Table 2
The states |jmj〉 of a p core level given as linear combinations over states |m〉.
j mj
∑
mcm |m〉
3/2 −3/2 |−1 ↓ 〉
−1/2
√
2/3 |0 ↓〉 +
√
1/3 |−1 ↑ 〉
+1/2
√
1/3 |1 ↓〉 +
√
2/3 |0 ↑〉1↑ −1↑ 1↓ −1↓
Anisotropic spectrum (MLD) I20 = I1↑ − 2I0↑ + I−1↑ + I1↓ −
Anisotropic spin spectrum I21 = I1↑ − 2I0↑ + I−1↑ − I1↓ +
QxQ) is used. Similarly, the spin is recoupled, ﬁnally obtaining
xy


( ′) = AQcx n−1x n−1sy [xy]
∑
m′′m
〈 |†m′′ | ′〉〈 ′|m | 〉
× (−)−m+s−
(
 x 
−m′ 
 m
)(
s y s
− ′  
)
,
= AQcx [xy]
∑
m′′m
〈 |†m′′ | ′〉〈 ′|m | 〉Vxm′mV
y
s′. (21)
he 3j-symbols give the orbit moment with x = 0, . . .,  2 and spin
oment y = 0, 1. The coefﬁcient
Qc
x ≡ (−)+c+Q+x
{
 x 
Q c Q
}
nxn
−1
Qx , (22)
ontains a 6j-symbol, which gives the coupling coefﬁcient of
oment x in the product of Q and  when they combine to c.
valuating some elements gives [34]
Qc
0 =
1
[]
≡ A0, (23a)
Qc
1 =
Q (Q + 1) + ( + 1) − c(c + 1)
2Q ( + 1)[] . (23b)
he stretched members (c =  ± Q) are Q independent, namely
Q,−Q,
x =
1
[]
, (24a)
Q,+Q,
1 = −
1
[]( + 1) , (24b)
Q,+Q,
2 =
(2 − 1)
[]( + 1)(2 + 3) . (24c)
he coefﬁcients AQcx give the intensities for the different emission
hannels c. Eq. (24b) shows that for I10 the intensities of the two
mission channels c =  ± Q have opposite sign.
.3. One-electron states
The fundamental spectra for one-electron states, i.e., using an
ndependent electron model, are easy to derive. They are perhaps
ot a realistic representation of the reality, but serve the useful
urpose of a demonstration.
Taking an initial core-state sublevel |〉 =
∑
m |  m〉 and a
nal state |′, c〉, where |′〉 = |0〉, the operator part for the one-
lectron state reduces as
|†m |0〉〈0|m |〉 = 〈|†mm |〉 = 〈nm 〉, (25)
here nm is the occupation number operator (cf. density matrix)
f the core sublevel with components m, . Eq. (21) gives the inten-
ities of the sublevels  as [25]
xy() = AQcx
∑
m
〈nm 〉Vxm Vsy . (26)i z z
 I−1↓ 20 ∝ 〈Qz〉
 I−1↓ 21 ∝ 〈
∑
iqz(i)sz(i)〉
Omitting the coefﬁcient AQcx and using Eq. (15) this gives for arbi-
trary one-electron wave function ,
I00() =
∑
m
〈nm 〉 = 〈n〉, (27a)
I01() =
∑
m
〈nm 〉s =
〈sz〉
s
, (27b)
I10() =
∑
m
〈nm 〉m

= 〈z〉

, (27c)
I11() =
∑
m
〈nm 〉m
s
= 〈z · sz〉
s
, (27d)
I20() =
∑
m
〈nm 〉3m
2 − ( + 1)
(2 − 1) =
3〈qz〉
(2 − 1) ,  (27e)
I21() =
∑
m
〈nm 〉 [3m
2 − ( + 1)]
(2 − 1)s =
3〈qz · sz〉
2(2 − 1) , (27f)
where n is the number of electrons, sz the spin moment, z the
orbital moment and qz the quadrupole moment of the  shell.
A deep core level with  /= 0 will be split by spin–orbit inter-
action . To account for core-valence interactions, we  assume an
effective magnetic ﬁeld Hs on the core shell, induced by the polar-
ized valence states [35]. This ﬁeld splits each core level j =  ± s into
sublevels mj. Assuming that Hs  , the energy of the sublevels is
Ejmj = Hsmj
j(j + 1) + s(s + 1) − ( + 1)
2j(j + 1) , (28)
with wave functions |jmj〉 as a sum over |m, 〉 states
|jmj〉 =
∑
m
(−)j−mj [j]1/2
(
j  s
−mj m 
)
|m〉. (29)
As an example, consider the sublevels of the p shell (=1) shown
in Table 2. For  = |3/2, 3/2〉, Eq. (3.3) gives that Ixy = 1 for all xy,  while
for  = |3/2, 1/2〉 we obtain I00 = 1, I01 = I10 = 1/3, I11 = −1/3, I20 = −1,+3/2 |1 ↑ 〉
1/2 +1/2
√
2/3 |1 ↓〉 −
√
1/3 |0 ↑〉
−1/2
√
1/3 |0 ↓〉 −
√
2/3 |−1 ↑ 〉
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Cig. 1. Fundamental spectra Ixy(jmj) for p-shell photoemission in the jj coupling limit
Hs  ) using the one-electron model.
Calculating the intensities for all sublevels of the p shell, the
ne-particle spectra Ixy(jmj) are plotted in Fig. 1. [36,37] From the
atterns of the line intensities it is evident that the Ixy spectra can be
xpressed as a sum over Vjzmj distributions, where |x − y| ≤ z ≤ x + y,
ith x + y + z even and z ≤ 2j. Table 3 gives the spectra for j = 3/2 and
/2 as Vjzmj distributions that are given in Table 4. Note that V
jz
mj
are
rthogonal functions since
∑
mj
VjzmjV
jz′
mj
= [j]ızz′ .
For Ix0 the distribution over the jmj sublevels is [37]x0(jmj) = [j]AQcx Asjx V jxmj , (31)
able 3
undamental spectra Ixyz for p-shell photoemission in the one-electron model as
oments Vz ≡ Vjzmj , which are given in Table 4. Note that Ixy =
∑
zIxyz .
Ixyz j = 32 j = 12
I000 V0 V0
I011 V1 − 13V1
I101 V1 23V
1
I110 13V
0 − 23V0
I112 − 23V2 0
I202 V2 0
I211 25V
1 − 43V1
I213 35V
3 0
able 4
oefﬁcients Vz ≡ Vjzmj for the mj sublevels of j = 3/2 and 1/2.
j = 32 j = 12
mj − 32 − 12 12 32 12 − 12
V0 1 1 1 1 1 1
V1 −1 − 13 13 1 1 −1
V2 1 −1 −1 1 0 0
V3 −1 3 −3 1 0 0nd Related Phenomena 200 (2015) 143–159
which gives
j =  + s : Ix0(jmj) = Vjxmj ,
j =  − s : Ix0(jmj) = Vjxmj
(2  − x)(2 + x + 1)
2[]
.
Thus the set of Ix0 spectra is clearly orthogonal, but this exhausts
the number of orthogonal spectra possible (x ≤ 2j). Spectra with
equal z have the same distribution. Table 3 shows a one-to-one
relation between fundamental spectra and spectral distributions:
Ixyz(jmj) ∝ Vjzjmj , where I
xy =
∑
zIxyz.
The expectation value of the spin–orbit interaction is
〈sj| · s|sj〉 =
⎧⎪⎨
⎪⎩
−1
2
( + 1) for j =  − s
1
2
 for j =  + s
(32)
which gives 〈  · s〉 is 1/2 for p3/2 and −1 for p1/2. In the limit of jj
coupling, such as for a deep core level, the spin and orbit are aligned,
〈z〉 = 2〈 · s〉〈sz〉, (33)
so that I10 = I01 for p3/2 and I10 = −2I01 for p1/2, as can be veriﬁed
from Fig. 1.
The integrated intensity over each j-level is zero, except for I00
and I11, which contain the monopole term, V0. These spectra are
proportional to expectation values of the number of electrons and
spin–orbit coupling, respectively. Table 3 shows that the spin–orbit
spectrum has a monopole and quadrupole term: I11 = I110 + I112. For
the monopole contribution the table shows that I110
j=1/2 = −2I110j=3/2,
which is in agreement with Eq. (32). Only j = 3/2 can contain a
quadrupole moment. The spin–orbit spectra are deﬁned as [38]
I110 = 〈 · s〉
3s
= 1
3s
[
〈x · sx〉 + 〈y · sy〉 + 〈z · sz〉
]
, (34a)
I112 = 1
s
[
〈z · sz〉 − 13 〈 · s〉
]
= 1
s
[
2
3
〈z · sz〉 − 13 〈x · sx〉 −
1
3
〈y · sy〉
]
,
(34b)
I11 = I110 + I112 = 〈z · sz〉
s
. (34c)
Similarly, the anisotropic spin spectrum contains a dipole and
octupole term: I21 = I211 + I213.
Finally, we  mention that because the fundamental spectra do
not contain any geometrical information they can be calculated
using an arbitrary order of multipole transition. For an  shell it
is convenient to use Q = transitions to the s continuum. Then the
fundamental spectra can be obtained using the transformation
Ixy = AQcx
∑
q
VQxq V
sy
 I
Q
q. (35)
3.4. Multi-electronic conﬁgurations
The one-electron model gives a limited description of the exper-
imental photoemission spectra, with only a moderate agreement,
even in the case of itinerant metals, such as Fe and Co [39–41]. This
provides strong evidence for the presence of correlation effects,
which requires a many-electron model. Generally,   and  ′ are
multi-electron wave functions, i.e., entangled states with core-
valence interactions. The transitions can be given by dn → −1dnc
or n →  n−1c for core or valence photoemission, respectively, with
expressions for Ixy found in Refs. [21] and [22]. The expressions for
the rare earth 4fn spectra are relatively simple in LS coupling, where
| 〉 = |  nLSMLMS〉 and | ′〉 = |n−1LSMLMS〉. Each individual peak in
the multiplet structure gives information about the correlation of
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he momenta in the corresponding ﬁnal state LSJ. The dependence
f the spectra on J is complicated but summing over the J compo-
ents of a term gives a transparent analysis in LS coupling. Using
igner–Racah algebra gives that Eq (21) contains the 6j-symbols
 x 
Q c Q
}{
L x L
 L- 
}{
S y S
s S- s
}
∝ AQcx AL-Lx AsS-Sy , (36)
ith A from Eq. (22) (for details see Eq. (13) in Ref. [22]). The inten-
ities for LS peaks in the isotropic spectrum are
00(LS) = 1
6
A0A
L
0A
S
0|〈LS‖†‖LS〉|2, (37)
hich measures the parentage of the ground state to the ﬁnal states
42].
In the spin spectrum the LS peak intensities are
I01(LS)
I00(LS)
∝ A
sSS
1
AS0
〈Sz〉. (38)
he coefﬁcient AsSS1 gives the alignment of S with the spin s (=1/2)
f the hole created and the ﬁnal states with low spin (S = S − s) and
igh spin (S = S + s) which have intensities proportional to S + 1 and
S, respectively, times 〈Sz〉.
As an example, the 4f photoemission from rare earth (RE) atoms
ith n ≤ 6 shows only low-spin ﬁnal states; therefore, the spin
pectrum is proportional to the isotropic spectrum with all peaks
ositive [22]. For 4f photoemission from RE n ≥ 7, the sign of 〈Sz〉
s reversed, and the low-spin ﬁnal states have negative intensities,
hereas positive intensities are obtained for the high-spin ﬁnal
tates with among it the Hund’s rule state at the low binding energy
ide of the spin spectrum [22].
In the orbit spectrum the LS peak intensities are
I10(LS)
I00(LS)
∝ A
Qc
1 A
LL
1
A0A
L
0
〈Lz〉. (39)
he coefﬁcient ALL1 gives the alignment of L with the orbital
omentum  of the created hole when they combine to give L. In LS
oupling the dichroism is only determined by the orbital momenta
 and L, where high and low L values give peaks with opposite
ntensities.
In the spin–orbit spectrum the intensities are
I11(LS)
I00(LS)
∝ A
Qc
1 A
LL
1 A
sSS
1
A0A
L
0A
S
0
〈LzSz〉. (40)
The spin–orbit spectrum I11 and orbit spectrum I10 are similar in
hape for less than half-ﬁlled shells. For small spin–orbit interaction
e have that I11 = I10(I01/I00); thus with only low-spin ﬁnal states
11 will be proportional to the I10 spectrum. For more than half-
lled shells there are larger differences because high- and low-spin
tates have opposite signs and because the spin–orbit interaction
ncreases along the 4f series. The other fundamental spectra are
ore complicated and will not be discussed here.
.5. Coupled tensor operators
For later use we introduce the coupled tensor operators, wxyz ,
hich treat any moment of a shell  with spin–orbit interaction,
ontaining one or more electrons [43]. These tensors are common
se in X-ray absorption spectroscopy (XAS) and X-ray magnetic
ichroism, where their expectation values can be related to the
otal intensities using the sum rules, [44–48,38] see Section 7. We
hall see in Section 3.6 that these tensors play an equal important
ole in photoemission. In fact, the photoemission transition  → c
an be considered as the particle-hole conjugate of the XAS core to
alence transition c→ .nd Related Phenomena 200 (2015) 143–159 149
The coupled tensor operators for a shell  with orbital, spin and
total angular moments, x, y, z, respectively, are deﬁned as
wxyz ≡
∑


wxy


(
x z y
−
  −
)
(−1)x−
+y− n−1xyz, (41)
where the LS-coupled operators are
wxy ≡ n−1x n−1sy
∑
mm′′
†m′m (−)
−m′+s−′
×
(
 x 
−m′ 
 −m
)  (
s y s
− ′  
)
, (42)
which in SO2 symmetry simpliﬁes to
wxyz = n−1xyz
(
x z y
0 0 0
)∑
m
†m′mV
x
m V
sy
 . (43)
The wz0z with z even describe the shape (i.e., the 2z-pole) of the
charge distribution and the wx1z describe spin–orbit correlations.
Moments with x + y + z odd describe axial couplings between spin
and orbit, such as w111 = −2−1( × s).
The operators wxyz have a simple relation to the conventional
operators Oxyz,
wxyz = (−1)
zOxyz2x(2!)2y
(2  − x)! , (44)
their values in SO2 symmetry are
w000 =
∑
m
†mm = n, (45a)
w011 = −s−1Sz, (45b)
w101 = −−1Lz, (45c)
w110 = (s)−1
∑
i
isi, (45d)
w211 = −2 + 3

Tz, (45e)
w202 = 3
(2 − 1)Qz (45f)
for the number of electrons n, spin magnetic moment Sz, orbital
magnetic moment Lz, spin–orbit coupling  · s, magnetic dipole
term Tz, and quadrupole moment Qz, respectively, of the  shell.
Instead of LS-coupled tensors we  can deﬁne jj-coupled tensors
[47], which are also related to integrated intensities using sum
rules [48]. The jj-coupled tensors are useful for actinides [49]. Both
types of coupled tensors can of course be used in intermediate
coupling.
3.6. Integrated spectra and sum rules
The sum rules for photoemission are obtained by extending the
set of ﬁnal states to the whole Hilbert space (states that cannot be
reached in the transition do not contribute to the intensity) [50] and
then using the closure relation. This yields for the operator part of
Eq. (21)∑
′
〈 |†m | ′〉〈 ′|m | 〉 = 〈 |†mm | 〉 = 〈nm 〉. (46) 
Different from the one-electron state [Eq. (25)], in the case of a
general many-electron conﬁguration we sum over the ﬁnal states
| ′〉.
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Table 5
Possible values for the triad abx for the bipolar spherical harmonics Uabx in angular
dependent photoemission.
Light polarization P with moments a = 0, 1, . . .,  2Q.
a = 0 Isotropic J0 = J−1 + J0 + J1
a = 1 Circular dichroism J1 = − J1 + J−1
a = 2 Linear dichroism J2 = J−1 − 2J0 + J1
Atomic shell  with moments x = 0, 1, . . .,  2.
x = 0 Monopole moment
x  = 1 Dipole moment
x  = 2 Quadrupole moment
x = 3 Octupole moment
x = 4 Hexadecapole moment
Photoemission distribution ε with moments b = |a − x|, |a − x| + 2, . . .,  a + x.
b = 0 Isotropic emission
b = 2 Quadrupolar part50 G. van der Laan / Journal of Electron Spectros
Substituting Eq. (46) in (21) allows us to derive expressions for
he integrated intensities, xy, which are given in the last column
f Table 1. It can be shown that [26]
xyz ≡
∫
dω Ixyz ∝ AQcx 〈wxyz〉, (47)
here AQcx , given by Eq. (22), contains the emission channel
ependence. For ﬁlled core levels, 〈w000〉 = n = 4  +2, and
wxyz /=  000〉 = 0, which means that the Ixyz /=  000 spectra have zero
ntegrated intensity. In the case of partial ﬁlled shells, such as the
are-earth 4f shell, these sum rules can give useful results.
.7. Beyond the sum rules: spectral distributions
Apart from the integrated intensity, i.e., the zero-order moment
f the spectral distribution, information can be extracted from the
igher order moments. The nth moment of a spectrum is deﬁned
s [51]
(n) ≡
∫ ∞
0
dω ωnI(ω) = 〈|THnT |〉. (48)
For n = 0, we  measure 〈TT〉, which gives the known sum rules
or dichroism and spin polarization. For n =1, we obtain new results
easuring 〈THT〉. The Hamiltonian H can contains a set of terms
uch as Coulomb, exchange and spin–orbit interactions, crystal ﬁeld
nd magnetic terms. Knowledge of the ﬁrst moment is useful for
mission from closed shells, where the zero moment (integrated
ntensity) of the dichroic and spin polarized photoemission spec-
rum is zero [7,52]. To give a non-trivial example, consider the
ore-valence interactions between a p core level and a d valence
evel, the ﬁrst moments of the p photoemission are [26]
00(1) = 〈nd〉(
2
5
G1 + 9
35
G3), (49a)
01(1) = 〈w01d 〉(
2
5
G1 + 9
35
G3), (49b)
10(1) = 〈w10d 〉(
2
5
G1 − 6
35
G3), (49c)
11(1) = 〈w11d 〉(
2
5
G1 − 6
35
G3), (49d)
ith 2p-3d exchange integrals Gk.
The origin of the ﬁrst moment in I10 can be understood as fol-
ows: The ﬁnal states are split by the exchange interaction such
hat the states with high (low) orbital moment have on average low
high) ﬁnal-state energies. So, an electron with its orbital moment
arallel to the valence shell will leave the atom with a lower energy
han an antiparallel one, shifting the energies of the spectra with
eft and right circularly polarized light with respect to each other
ecause these produce preferentially photoelectrons of one polar-
zation.
. Angular dependence
So far we have only dealt with the angle-integrated photo-
mission, which served to introduce the fundamental spectra.
he angular distribution offers additional possibilities. Angular
omentum conservation is fulﬁlled by including the photoelec-
ron angular distribution, which carries away a moment b, so that
he moments a and x no longer have to be equal (see Table 5). The
ransition matrix element
Q
q(ε, PS) =
∑
m
〈 ′|m | 〉〈m|CQq |c〉Cc (ε)Cs(PS)eiıc , (50)etc.
where
Ck(, ϕ) ≡
√
4
2k + 1Y
k
 (, ϕ) (51)
is the normalized spherical harmonic and ıc is the phase of the
outgoing electron c.
The photoemission Jay in direction ε with spin polarization PS
and spin moment y for light speciﬁed by moment a and polarization
P from an atom with multipole moments x along M is obtained by
recoupling as [31]
Jay(P, ε, PS) =
1
8
∑
xz
n2xyzI
xyz

∑
b
Uabxyz (P, ε, PS)B
Q
abx
, (52)
where
BQ
abx
=
∑
cc′
AQcc
′
abx
RQcRQc
′
eiı (53)
and nxyz is a normalization factor [12]. RQc is the radial matrix ele-
ment and ı = (ıc − ıc′ ) is the phase difference for excitation to the
two continuum states, which gives interference between the two
ﬁnal state channels c and c′. The fundamental spectra Ixyz, which
we already encountered in Section 3, contain the physical informa-
tion. Eq. (54) shows that each Ixyz produces a limited set of angular
distributions Uabxyz times the radial matrix elements and phase
shifts.
For the simple case of spin-integrated photoemission in SO2
symmetry, Eq. (52) reduces to
Ja(P, ε, M) = 1
4
∑
x
Ix
∑
b
Uabx(P, ε, M)BQ
abx
. (54)
The moment a = 0 means isotropic light, i.e., the sum of
intensities obtained with right-circularly (q = m = −1), Z-linearly
(q = m = 0) and left-circularly (q = m = +1) polarized radiation.
For isotropic light the polarization P has no meaning. By a = 1 we
denote circular dichroism, which is the difference in intensities for
left and right circularly polarized light with the helicity vector along
P. By a = 2 we denote linear dichroism: the intensities for light polar-
ized in two  perpendicular directions perpendicular to P (q = 1 and
−1) minus twice the intensity for light polarized along P.
G. van der Laan / Journal of Electron Spectroscopy and Related Phenomena 200 (2015) 143–159 151
Table  6
Explicit expressions for the angle dependent functions Uabx(P, ε, M). The last column
gives the corresponding spectroscopy.
U000 = 1
U022 = 32 (ε · M)
2 − 12
U101 = P · M MCD
U121 = 32 (P · ε)(ε · M) − 12 (P · M) MCD
U122 = 65 (ε · M)P · (ε × M) CDAD
U202 = 32 (P · M)
2 − 12 MLD
220 3 2 1
4
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Table 7
Quick reference to the photoemission expression Ja =
∑
bxIxZabx for Q = 1. Odd  values
of  a + z are printed bold faced in Zabx and give interference terms between c =  −1
and  c =  +1 in CDAD (a = 1) and MLDAD (a = 2).
J0 J1 J2
I0 Z000 – Z220
I1 – Z101+Z121 Z221
I2 Z022 Z122 Z202+Z222+Z242
I3 – Z123+Z143 Z223+ Z243
I4 Z044 Z144 Z224+Z244+Z264
I5 – Z145+Z165 Z245+ Z265
I6 Z066 Z166 Z246+Z266+Z286
Table 8
The different geometries with their spectra, symmetry properties and angle depend-
ent  factors for p emission. Odd values of a + x are printed in bold face.
Acronym Ja Ix a + x Zabx
MCD  J1 I1 Even Z101+Z121
CDAD J1 I2 Odd Z122
MLDAD J2 I1 Odd Z221U = 2 (P · ε) − 2
U221 = 65 (P · ε)P · (ε × M) MLDAD
.1. Radial part
We  now show the special effects that occur when there is inter-
erence. The recoupling coefﬁcient A in Eq. (53) is proportional to a
j-symbol
Qcc′
abx
∝
⎧⎨
⎩
Q a Q
c b c′
 x 
⎫⎬
⎭ . (55)
ithout interference (c = c′) the 9j-symbol has two identical
olumns (Qc). For odd permutations its value is multiplied by (−)S,
here S is the sum of all nine arguments. Then, since b is even due
o parity, the value of a+x has to be even. Hence interference terms
c /= c′) are only allowed for odd values of a+x, and this requires
ngular functions Uabx that are chiral, as we will show in Section 4.2.
For a + x even, the factor AQcc
′
abx
is real and symmetric in c and c′,
nd for a + x odd, AQcc
′
abx
is imaginary and antisymmetric in c and c′,
o that
Q
abx
=
{
AQcc
′
abx
RcRc
′
2 cos ı, for a + x even,
AQcc
′
abx
RcRc
′
2i sin ı, for a + x odd,
(56)
here we used eiı + eiı = 2 cos ı and eiı− eiı = 2i sin ı.
.2. Angular functions
The angular functions in Eq. (54) are the bipolar spherical har-
onics
abx
0 (P, ε, M) = n−1abx
∑
˛
(
a b x
−  ˛  ˛ 0
)
Ca˛(P)C
b
−˛(ε)C
x
0(M) (57)
here nabx is a normalization constant [12]. Expressions for some
abx are listed in Table 6 [25].
Eq. (54) can be written in more compact form as a sum over
roducts of physical and angular parts
a(P, ε, M) =
∑
bx
IxZabx(P, ε, M), (58)
here
abx(P, ε, M) ≡
1
4
Uabx(P, ε, M)Babx. (59)
able 7 gives a quick reference to the photoemission expression for
 = 1. For instance, p emission (where x ≤ 2) gives
0 = I0Z000 + I2Z022, (60a)
1 = I1(Z101 + Z121) + I2Z122, (60b)
2 = I0Z + I1Z + I2(Z + Z + Z ). (60c)220 221 202 222 242
In angle integrated emission (b = 0) we have x = a, so that the
ircular dichroism J1 gives the I1 spectrum and the linear dichro-
sm J2 gives the I2 spectrum. The moment b = 2 corresponds to aLD J2 I2 Even Z202+Z222+Z242
quadrupolar distribution. This allows to measure I1 either in cir-
cular dichroism (abx = 121) or in linear dichroism (abx = 221).
Likewise, I2 can be measured either in circular (abx = 221) or in
linear dichroism (abx = 2b2). See Table 8 for a summary, where the
chiral geometries (a + x is odd) are bold printed.
5. Geometrical aspects
The waves with a + x is odd can only be measured when P, ε, and
M are neither coplanar nor mutually perpendicular. Uabx changes
sign whenever one of the vectors corresponding to an odd moment
a or x is inverted. The intensity of an odd wave with two  even
moments is zero when one of the even moments is perpendicu-
lar to the other two moments. This is because inversion of the odd
moment, which gives a sign change, followed by a rotation leads to
the same geometry as inversion of the two  even moments, which
gives no sign change.
The total-symmetric spherical functions U are invariant for
inversion. This restricts the possible values of the moments and
gives rise to the following rules: [31]
Rule A. If all vectors are coplanar, the sum of all moments must
be even.
Rule B. If a vector is perpendicular to a plane containing the other
vectors, the sum of the latter vectors must be even.
Rule C. If there are three mutually perpendicular sets of collinear
vectors, all three sets must have the same parity (i.e., either even
or odd).
5.1. Coplanar geometry
To illustrate the above symmetry rules we consider the emis-
sion from a p shell. The four basic geometries for spin-integrated
photoemission are listed in Table 8.
5.1.1. MCD
The p shell emission is given asJMCD =
1
12
I1{P · M(R2s − R2d) + [3(P · ε)(ε · M) − P · M]
× (R2d − RsRd cos ı)}. (61)
152 G. van der Laan / Journal of Electron Spectroscopy and Related Phenomena 200 (2015) 143–159
F
V
t
a
t
d
t
ε
t
d
g
s
ε
A
2
5
ﬁ
F
o
5
5
t
b
i
c
t
c
i
J
T
ε
s

Table 9
Character table of the group D2 = C2 × C2. Symmetric (even) and antisymmetric (odd)
functions with respect to {M,P} are indicated by 1 and −1, respectively. E is the iden-
tity operator. The irreducible representations n correspond to the various spectra,
which are forming independent linear combinations.
E M P M·P spectrum
1 1 1 1 1 SUM
 1 −1 −1 1 MCDig. 2. Geometries of (a) MCD, (b) LD, (c) MLDAD, (d) CDAD, and (e) spin polarization.
ectors with a circle are odd, while the others are even.
The MCD  signal is proportional to the orbit spectrum. The ﬁrst
erm gives the angle integrated part which depends only on the
ngle (P,M) and the squared radial matrix elements for transi-
ion to the εs and εd continua. The second term gives the angular
ependence which, apart from the squared radial matrix element
o the εd continuum, contains the interference term between the
s and εd channels with a phase difference ı. This interference
erm, which can become the dominant term at certain emission
irections, has been omitted in early experimental studies [6]. The
eometry, shown in Fig. 2(a), can be chosen with all vectors in plane,
o that chiral effects vanish. Since P (a = 1) and M (x = 1) are odd, and
 (b = 0, 2) is even, the sum of the vectors in the plane is even (Rule
). No circular dichroism is observed for in-plane M is even (x = 0,
).
.1.2. LD
Even moments of M,  including those induced by a crystalline
eld, can be measured in linear dichroism (LD) as is shown in
ig. 2(b). JLD ∝ I2, thus P⊥ − P‖ measures the quadrupole moment
f the p shell.
.2. Chiral geometry
.2.1. MLDAD
In a geometry without inversion symmetry (i.e., P, ε, M are nei-
her coplanar nor mutually perpendicular) the orbit spectrum I1 can
e measured using linearly polarized light. Since for linear polar-
zation the vector P is even, the part of the transition probability
ontaining R2s and R
2
d
remain unchanged upon reversal of M,  so
hat in the difference spectrum the contributions to the εs and εd
ontinua cancel. However, reversal of M changes the factor RsRd eiı
n the interference term into RsRd e−iı, resulting in a dichroic signal
MLDAD =
3
4
I1 (P · ε) M · (P × ε)RsRd sin ı. (62)
he vector product shows that the MLDAD vanishes for ε ⊥ P and
 ‖ P, which is in agreement with Rule C.
Taking ±M ‖ z, P ‖ x, ε(, ) gives an angular distribution
in 2 sin 2. Thus the maximum signal is obtained for  = 90◦ and
 = 45◦ or 135◦. The signal has opposite sign for  and −. Integrated2
3 1 1 −1 −1 CDAD
4 1 −1 1 −1 MLDAD
over all angles the signal is zero. The measurement geometry is dis-
played in Fig. 2(c), where we  can verify Rule A by observing that the
sum of the vectors P (a = 2) and ε (b = 2), in the plane perpendicu-
lar to M,  is even. Plots of the angular distribution can be found in
Ref. [25].
The measured MLDAD in Gd 4f7 photoemission has been ana-
lyzed in Refs. [53,54].
5.2.2. CDAD
The behaviour of CDAD (= I2Z122) is similar to that of MLDAD
(= I1Z221). If we interchange the labels of the vectors M and P the
geometry (c) in Fig. 2 goes over into (d). Now M (x = 2) is even and
P (a = 1) is odd. The CDAD can be expressed as
JCDAD =
1
4
I2 (M · ε) P · (ε × M)RsRd sin ı, (63)
where we used M · (P × ε) = P · (ε × M).  CDAD is measured by revers-
ing P. The signal vanishes for ε ⊥ M and ε ‖ M.
5.2.3. SPAD
The transverse geometry also serves to measure the spin–orbit
spectrum I11 in spin polarized photoemission. Rule C is obeyed,
and we  simply replace the vector M (x = 1) by the vector PS (y = 1)
in Fig. 2 to obtain geometry (e) from (c). The spin polarization in
the angular dependence is
JSPAD =
1
4
I11 (P · ε) PS · (P × ε)RsRd sin ı. (64)
The spin polarization in linearly dichroism has been measured in
Cu 3p photoemission [55].
5.3. A group theoretical viewpoint
Further insight can be gained by evoking group theory. As should
be clear by now, reversing P and M corresponds to the following
spectra
P+M+ + P+M− + P−M+ + P−M− ∼= SUM,
P+M+ + P+M− − P−M+ − P−M− ∼= 2 CDAD,
P+M+ − P+M− + P−M+ − P−M− ∼= 2 MLDAD,
P+M+ − P+M− − P−M+ + P−M− ∼= 2 MCD,
where ± indicates an alignment in positive or negative direction.
This can be rearranged as
(P+ + P−)(M+ + M−) ∼= SUM,
(P+ − P−)(M+ + M−) ∼= 2 CDAD,
(P+ + P−)(M+ − M−) ∼= 2 MLDAD,
(P+ − P−)(M+ − M−) ∼= 2 MCD,
(65)
which gives symmetric (even) and antisymmetric (odd) functions
in P and M.  By symmetry, the different spectra correspond to the
irreducible representations of the group D2 = C2 × C2, for which the
character table is shown in Table 9 [56]. Even and odd functions are
indicated by 1 and −1, respectively.
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The MCD  is given as the difference between the spectra with M
nd P parallel and antiparallel, respectively. Therefore, it is odd in
oth P and M,  but obviously even in P·M. The MLDAD is the differ-
nce between the spectra with opposite directions of M summed
ver both helicity directions, so that the spectrum is even in P,
nd hence can be measured using linear polarization. The CDAD is
he difference between the spectra with opposite helicity vectors
ummed over both magnetization directions, so that the spectrum
s even in M.
The irreducible representations in Table 9 demonstrate the
rthogonality of the four spectra. One can perform a ‘complete’
xperiment by reversing P and/or M to separate the different
ichroic spectra. The orthogonality of the functions also provides a
ethod to perform an accurate error analysis [40,41].
. Crystal ﬁeld symmetry
The photoemission intensity can be obtained in arbitrary sym-
etry. In a crystal ﬁeld with point-group symmetry G there is a
pectrum for every totally symmetric function [12]. We  can expand
he G symmetry functions |x〉 into spherical harmonics |x
〉 [57]
x〉 =
∑


|x
〉〈x
|z〉, (66)
hich deﬁnes the new linear combinations of spectra and angle
ependencies
x
 =
∑


Ix
 〈x
|x〉, (67)
x
 =
∑


Vx
 〈x|x
〉, (68)
nd rewrites the intensity as
 =
∑
x
IxV
x
 (69)
here the irreducible representation has to be totally symmetric,
 = A1 [58].
. X-ray absorption and core hole polarization
.1. X-ray absorption
A brief comparison with XAS is on order. The integrated inten-
ities q for q-polarized light are obtained for SO2 symmetry by
aking the core to valence transition intensity (c→ ) and summing
ver the ﬁnal states f and components  of c,
q =
∑
fm
〈g|mc† |f 〉〈f |†mc |g〉
(
 Q c
−m q 
)2
=
∑
m
〈nm 〉
(
 Q c
−m q 
)2
,
(70)
here we used the completeness relation. We  deﬁne the integrated
ntensities x of the fundamental spectra as linear combinations of
q,
x =
∑
q
VQxq q. (71)nd Related Phenomena 200 (2015) 143–159 153
Substitution of Eq. (70) into (71) and recoupling using YLV4
[Eq. (20)] with coefﬁcient Ax [Eq. (22)] gives the orbital sum rules
for XAS [44,45]
x = AQcx 〈wx〉. (72)
Actually, the core level is split into j level and we ﬁnd intensities as
zj ∝
∑
xy
〈wxyz

〉. (73)
Here, wxyz

are tensor operators for holes in the valence shell , for
which 〈wxyz〉 = −〈wxyz〉 for xyz /= 000, while 〈w000〉 + 〈w000〉 = 4  +2.
7.2. Core hole polarization
The sum rules in XAS, XMCD, and XMLD measure the number
of core holes (monopole moment) created, but give no information
about the polarization of the core hole, which is contained in its
higher multipole moments.
The moments r of the spin–orbit split core hole j are deﬁned
in the usual way  with expectation values describing the core hole
polarization
〈wrj 〉 =
∑
mj
〈nmj 〉V
jr
mj
. (74)
This gives a set of orthogonal operators containing mj to the power
r (with r = 0, 1, . . ., 2j)
〈w0j 〉 =
∑
mj
〈nmj 〉 = 〈nj〉, (75a)
〈w1j 〉 =
∑
mj
〈nmj 〉
mj
j
= 〈Jz〉
j
,  (75b)
〈w2j 〉 =
∑
mj
〈nmj 〉
3m2
j
− j(j + 1)
j(2j  − 1) =
〈3J2z − J2〉
j(2j  − 1) , (75c)
etc. If desired, the 〈wz
j
〉 moments can be written as a sum over 〈wxyz〉
moments by using recoupling transforms [47].
The core hole polarization shows up in the line shape (spectral
moments) of the XAS, XMCD and XMLD [51]. Conversely, the spec-
tral shape can be obtained by adding the separate contributions
from each of the ground state moments. [59–61]
The core hole polarization is also measured by the fundamental
spectra in photoemission (cf. Table 3). Integrating the photoemi-
ssion over the energy, the higher moments average out, and only
the monopole moment remains. The core hole polarization can also
be measured using resonant photoemission, as shown in the next
section [23,31].
8. Resonant photoemission
After XAS, the core hole decays under emission of electrons and
photons, as measured by resonant photoemission (RESPES) and res-
onant inelastic X-ray scattering (RIXS), respectively. For 3d metals
this second-order process is given using multi-electronic conﬁgu-
rations asWe  shall describe resonant photoemission as a two-step process.
The ﬁrst step is X-ray absorption, which results in a polarized core
hole and an additional valence electron. In the second step the core
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Fig. 3. Correlations between the moments and the shape of the fundamentals spec-
tra  for f 7(J) → d9f 7(J) photoemission. (, s and j are the orbital, spin and total
moments of the core hole.) (a) Alignment of moments J, s and  in the jj-coupling
limit. (b) Alignment of moments S, s and  in the LSJ coupling limit.
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Fig. 4. (a) The spectra I00 and I10 for d photoemission for the pure 7D and 9D states in
LSJ  coupling. (b) Gd 4d photoemission spectra calculated in intermediate coupling,
angular momentum j and moment r. The coefﬁcient Brhb
j
(LS), whichole created decays by Coulomb interaction under emission of a
hotoelectron and the creation of a two-hole state.
Core hole polarization measurements have been performed on
erromagnetic 3d transition metals [62,63]. The resonant photo-
mission decay after 2p absorption shows a circular dichroism of
10% in a geometry where the dichroism in the X-ray absorption
s forbidden, i.e., with the magnetization direction perpendicular
o the helicity vector of the light. Qualitatively the effect can be
nderstood as follows: XAS with light circularly polarized along
 gives an alignment of the core hole orbital moment. However,
he spin–orbit interaction in the core hole state tries to align the
rbital moment of the core hole parallel to its spin direction along
.  As a result the orbital moment of the core hole will be aligned
n a manner that accommodates both the light polarization and the
pin direction. Thus the oriented hole rotates in a plane bisecting P
nd M,  so that it will have a non-spherical charge distribution, i.e.,
 quadrupole moment. [64]and  experimental data.
Resonant photoemission has the fundamental spectra
Jah˛ =
∑
qq′′
VQaq′qV
sh
′˛Jq′′q. (76)
The angle and spin dependent emission intensity Jah
j
from a core
state with total angular momentum j to the LS term of the two-core-
hole state with SO2 symmetry using polarized light of moment a
and with photoelectron spin of moment h can be written for dipole
transitions as [23,31,65]
Jahj (LS;  MPPSε) =
1
4
∑
zrb
{∑
xy
〈wxyz0 〉 C
xyzar
j
}
× Uzarhb0 (MPPSε) Brhbj (LS). (77)
The angle dependence is given by the multipolar spherical har-
monics Uzarhb0 (MPPSε). The coefﬁcient C
xyzar
j
gives the transition
probability for a state with moment xyz to create a core hole withcontains the radial matrix elements, gives the probability for a core
hole with moment r to decay into the state LS and a photoelectron
emission distribution moment b and spin moment h.
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In Eq. (77) the resonant photoemission is taken as a two-step
rocess, starting with an excitation from a core level to the valence
hell, after which the core hole decays to two shallower core
oles while an electron is emitted. The two core holes form well
eﬁned states which can be selected by the energy of the emit-
ed electron. The non-spherical core hole and the selected ﬁnal
tate cause a speciﬁc angle and spin distribution of the emitted
lectron. The experiment is characterized by the magnetic and non-
agnetic moments being measured, the polarization and direction
f the light and the spin and angular distribution of the emit-
ed electron. The intensity is a sum over ground state expectation
alues of tensor operators multiplied by the probability of cre-
ting a polarized core hole using polarized light multiplied by
he probability for decay of such a core hole into the ﬁnal state.
sing Wigner–Racah algebra [34] we can derive general expres-
ions for the angle and spin dependent intensity in various regimes
f Coulomb and spin–orbit interaction, LS,  LSJ and jjJ coupling [31].
Writing out J1
j
(P, ε, M) for the 2p decay gives the integrated
ntensities [66]
J13/2 =
[
〈Lz〉 + 23 〈Sz〉 +
7
3
〈Tz〉
]
(M · P)B0
+
[
1
10
〈Lz〉 + 23 〈Sz〉 +
7
30
〈Tz〉
]
[3(M · ε)(ε · M) − M · P]B2,
(78)
J11/2 =
[
1
2
〈Lz〉 − 23 〈Sz〉 −
7
3
〈Tz〉
]
(M · P)B0. (79)
he XMCD sum rules for the orbital and spin moments can be
etrieved using the monopole contributions (B0) of the sum, J13/2 +
1
1/2, and the weighted difference, J
1
3/2 − 2J11/2, respectively.
The r = 0 and r = 2 term in J13/2 give different linear combinations
f the operator values 〈Lz〉, 〈Sz〉 and 〈Tz〉. The ratio 〈Lz〉: 〈Tz〉 is inde-
endent of the geometry, but the ratio 〈Sz〉: 〈Tz〉 is 10× larger for r = 2
han for r = 0. This offers the possibility to separate the spin mag-
etization from the magnetic dipole term by varying the angles using Cowan’s code. (b) The fundamental spectra Ix0 for angle dependent photo-
between P, ε and M.  In a transverse geometry (P ⊥ M),  the r = 0
term in J1 disappears, leaving only the r = 2 term, which facilitates
the analysis [62,67,68].
9. Illustrations
9.1. Correlations between the spin and orbital momenta
We shall give a practical example to demonstrate some of the
information contained in the fundamental spectra regarding the
correlation between spin and orbital moments for the case of Gd
4d photoemission [69–71].
9.1.1. Spin–orbit and electrostatic interaction
The Gd atom has an electronic conﬁguration 4f75d16s2, where
the interaction of the 4f with the 5d and 6s is small, so that we
will neglect the 5d6s. The ground state is dominantly 8S7/2 state.
The other LS states are well separated in energy due to the large
Coulomb interaction [F2(4f,  4f) = 14.5 eV], and the spin–orbit inter-
action [(4f) = 0.19 eV] mixes only about two  percent 6P into the
ground state.
The ﬁnal state is d9f7c, where d9 is the ionised core shell and c the
continuum state with no interactions. The relative size of the core-
valence interactions and core spin–orbit parameter determines the
degree of intermediate coupling in the ﬁnal state. For deep core lev-
els, such as the Gd 3d, the spin–orbit parameter is larger than the
exchange integral [(3d) = 12.6 eV and G1(3d,  4f) = 7.5 eV] which
makes it closer to the jj coupling limit. Shallower core levels, such as
the Gd 4d and 5p, where the electrostatic interaction larger than the
spin–orbit interaction [G1(4d, 4f) = 20.1 eV and (4d) = 2.2 eV] are
closer to the LS coupling limit. Although the computation in inter-
mediate coupling is easily performed, making the simpliﬁcation to
jj or LS coupling is useful to ﬁnd the approximate assignment of
the peak structures and allows for a better understanding of the
spectral line shape. The Gd 4d core level is of interest because
the inﬂuence of the electrostatic and spin–orbit interaction can
be clearly distinguished from each other. These interactions differ
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Fig. 6. Experimental MLDAD in Fe 3p photoemission of Fe/Ag(100) for geometry
shown in inset: P and ε (= −45◦) are in the plane of the drawing, M is perpendicular
to the plane of the drawing. Open and closed triangles correspond to magnetization
up and down, respectively. (b) The difference spectrum compared to the calculated
results from Ref. [25] (c) The Fe 3p photoemission at a photon energy of 170 eV and56 G. van der Laan / Journal of Electron Spectros
oughly by an order of magnitude, so that the spin–orbit interaction
an be treated as a perturbation.
We  will denote the orbital, spin and angular moments of the
7 and d9f7 conﬁgurations by LSJ and LSJ, respectively, and the
oments of the core d hole by , s and j. For Gd 4f7 with its half-ﬁlled
hell, L = 0, so that J = S and L = .
.1.2. The jj-coupling limit
We  start by evaluating the spectrum in the limit of jj coupling.
he spin–orbit interaction splits the core state into d5/2 and d3/2
evels with an energy separation of 52 (3d) ≈ 30 eV or 52 (4d) ≈
.5 eV. For convenience we will take for J the momentum of the 4f
oles rather than that of the 4f electrons.
At the d5/2 edge the j = 5/2 hole couples with the J = 7/2 state
f the f7 to a manifold J = 6, 5, 4, 3, 2, 1, where the energy spread
s determined the exchange interaction G. In the d5/2 level the spin
nd orbit are parallel. The level J = 6, where s is parallel to J, has
he lowest binding energy due to the exchange interaction. This
ituation is depicted in Fig. 3(a). The coupling condition implies
hat J = J + j = J+ s + .
At the d3/2 edge, with  and s antiparallel, the J = 7/2 state of the
7 state couples to a manifold J = 2, 3, 4, 5. The level J = 2, where s is
arallel to J, has the lowest binding energy. Thus in the d3/2 level the
 values increase with binding energy, which is opposite as for the
5/2 level. The correlation between the moments of J, s and  deter-
ine the sign of the fundamental spectra. The spin spectrum gives
he correlation of the core spin with the total magnetic moment, i.e.,
01 ∝ 〈s · J〉. The magnetic dichroism gives the correlation between 
nd the total magnetic moment, i.e., I10 ∝ 〈  · J〉. Hence, the alter-
ative name orbit spectrum, which is more correct than the term
ircular dichroism since I10 can also be measured in linear dichro-
sm using a chiral geometry. The spin–orbit spectrum measures the
orrelation between  and s, thus I11 ∝ 〈  · s〉.
The signs of the spectral structure are directly seen from Fig. 3(a).
he spin spectrum is positive when the core spin s is parallel with
he magnetic moment J and negative when it is antiparallel. This can
e understood from the selection rule S  = 0 which implies that the
pin of the photoelectron is equal to that of the core electron before
xcitation.
Fig. 3(a) shows that the signal of the orbit spectrum is positive
hen the core-hole orbit  is parallel to the magnetic moment,
hich is the case at the high binding energy side of the d5/2 level and
t the low binding energy side of the d3/2 level. The signal is reversed
t the opposite side of each j level. The spin–orbit spectrum, I11,
hich is deﬁned by the difference between the orbit spectra for
pin up and spin down emission, shows a positive signal at the d5/2
evel where  and s are parallel, and a negative signal at the d3/2
dge where  and s are antiparallel.
.1.3. The LS-coupling limit
With dominant Coulomb and exchange interactions, the angu-
ar momentum coupling for the Gd 4d photoemission is best
pproached from the LS-coupling limit. From the f7(8S) initial state
lectric-dipole transitions are allowed to the 9D and 7D states of
he ﬁnal state conﬁguration d9f7. The 9D state, where the spin is
tretched to its maximum value, can only be formed by coupling
he d9(2D) to the f7(8S) state. However, the 7D state can be formed
y coupling the 2D with either the 8S, 6P, 6D, 6F or 6G parent state
f the f7 conﬁguration. These ﬁve 7D states are different angular
unctions which means they have different electrostatic interac-
ions. Their eigenvalues are found by diagonalization of the energy
atrix including the Coulomb and exchange integrals. This results
n peaks with an energy spread of ∼30 eV. The photoemission inten-
ities of the septet states are given by the square of the coefﬁcients
f the 8S contribution in the 7D eigenvectors.a  kinetic energy of 118 eV as a function of emission angle for magnetization up and
down. Normal emission is at 0◦ . The difference spectrum, MLDAD (dots) [27,74].
9.1.4. First-order spin–orbit interaction
We  will now consider the inﬂuence of the ﬁrst-order spin–orbit
interaction in the LS states. For small spin–orbit interaction the 9D
state splits into levels J = 6, 5, 4, 3, 2 and the 7D state splits into J =
1, 2, 3, 4, 5 [Fig. 3(b)]. For the moment we will assume that there is
only a single low-spin state.
The generic shape of the fundamental spectra is obtained from
the correlation between the angular momenta with respect to S,
the magnetic moment of the 4f holes. Fig. 3(b) shows the coupling
between S, s and  for the various levels. The core spin s is coupled
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Fig. 7. Mn 2p HAXPES from (Ga,Mn)As below TC . (a) Magnetic circular dichroism (MCD) measured with left and right circularly polarized X-rays at ∼7300 eV kinetic energy
[ ith lin
∼
t
r
s
t
7
p
T
〈
(
b
t
h
F
9
C
i
s
p
t
i
i
(
i
I
q
a
s75]. (b) Magnetic linear dichroism in angular dependence (MLDAD) measured w
3000  eV kinetic energy [76]. The bottom panels show the difference spectra.
o S by an effective exchange interaction G, resulting in the sepa-
ation into nonet and septet state, and coupled to  by an effective
pin–orbit interaction Z, giving the splitting into J levels. Since G  Z
he order with increasing binding energy is 9D6 . . . 9D2 and 7D1 . . .
D5. The I01 spectrum, which measures the correlation 〈s · S〉, has
ositive (negative) signal when s and S are parallel (antiparallel).
he I10 spectrum (to the εd continuum) measures the correlation
  · S〉 so that the intensity is positive (negative) for  and S parallel
antiparallel). The nonet and septet states have opposite structures
ecause the order of the J levels is reversed. The spin–orbit spec-
rum shows negative and positive lobes for each spin state.
The calculation for the transition LSJ → LSJ can be performed by
and using Wigner–Racah algebra [42] and the result is shown in
ig. 4(a).
.1.5. Intermediate coupling
The result of the calculation in intermediate coupling using
owan’s code [42] is displayed in Fig. 4(b) and a good agreement
s obtained with experimental results [69,72]. Peak A is the nonet
tate which has clearly distinguishable J levels. Peak B at 6.7 eV and
eak D at 30 eV above the leading peak are the only septet states
hat are clearly visible. The other three septet states have very weak
ntensities. The intensity of peak C in the measurements is primar-
ly due to inelastic losses. It is interesting to compare Fig. 4(a) and
b). The I00 spectrum in intermediate coupling shows that the line
ntensities in peak A are fairly proportional to 2J + 1. Also in the
10 spectrum, LSJ coupling predicts the line intensities in the 9D
uite well. Thus for this state with stretched spin, LSJ coupling is
 good approximation, however, it fails completely to explain the
tructure in the 7D states. The electrostatic interaction between theear polarization in opposite chiral geometries, by reversing the magnetization at
different septet states destroys the regularity of the J level pattern.
Experimental corroboration for the magnetic circular dichroism
and the spin polarization can be found in Refs. [69,54] and [72],
respectively.
9.2. Yb 4f photoemission
In this example we give the fundamental spectra for the
rare earth 4f photoemission calculated in intermediate coupling.
Fig. 5 shows the calculated 4f photoemission for the transition Yb
4f13 → 4f12εd. The Hund’s rule ground state f13 2F7/2 (MJ = −7/2) is
a single Slater determinant with nm = 2 for −3 ≤ m ≤ 2 and n3 = 1.
Substitution of nm into Eq. (42) gives the integrated intensities 0
= 13 and x /=  0 = −1, which are linearly proportional to the expec-
tation values of the 4f ground state properties, via the sum rules
[22,73].
9.3. Diffraction effects
In a solid the emitted photoelectrons will be scattered by
the nearby atoms. For crystalline materials the measured core
level photoemission is enhanced or suppressed for emission direc-
tions along certain crystallographic directions due to photoelectron
diffraction.
Fig. 6 shows the magnetic linear dichroism in the angular
dependence of the Fe 3p photoemission at 170 eV photon energy
for normal incidence light and −45◦ emission angle (see inset of
Fig. 6(a)) [74]. The dichroism manifests itself as a change in the Fe
3p line shape when the magnetization is reversed. Fig. 6(b) shows
the difference spectrum, which is compared to the calculated result
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Fig. 8. Kinetic energy dependence of Mn  2p photoemission. (a) The radial matrix
elements Rs (black line) and Rd (black dashed line) for emission from the Mn 2p to
the s and d continua with the phase difference ı (red line). (b) The MCD  and MLDAD
signals calculated using Eq. (61) and (62), respectively, for the ideal geometry (for
MCD: M ‖ P ‖ ε). Both dichroic signals have been normalized by division by the total
intensity (R2 + 2R2). (c) The chiral geometry for M,  P, and ε, used in the MLDAD58 G. van der Laan / Journal of Electron Spectros
rom Ref. [25], with spin–orbit splitting parameter of 3p = 0.95 eV
nd core-level exchange ﬁeld HS = 1.3 eV. To account for the ﬁnite
ifetime and resolution, the theoretical spectra were convoluted
ith Lorentzians of 0.25 eV for spin-up and 0.9 eV for spin-down
tates, together with a Gaussian of 0.3 eV. The spectral shape of the
ichroism is in good agreement with the experimental result when
he spin and orbit dependence of the lifetime broadening is taken
nto account [25]. Fig. 6 shows the measured angular distribution
f the photoemission intensity for the two sample magnetization
irections at 51.8 eV binding energy, where the dichroism is maxi-
um  (see Fig. 6). The two emission patterns obtained by reversing
he magnetization are mirror images of each other. The patterns
how four distinct features at ±45◦ and ±20◦ emission angles,
hose shapes and intensities are affected by reversing the mag-
etization.
The angular distribution of the MLDAD i.e., the difference
etween the two angular patterns is also shown in Fig. 6. The lin-
ar dichroism has a similar angular dependence, but opposite sign
or emission into the adjacent quadrants. Thus, the dichroism in
he photoemission integrated over the emission plane vanishes.
his means that MLDAD only occurs in angle-resolved photoemi-
sion. Despite some distortion due to photoelectron diffraction, the
haracteristic sin 2 dependence is clearly visible.
.4. HAXPES
Recently, hard X-ray PES (HAXPES) emerged as an important
xtension to soft X-ray and ultraviolet photoemission. It offers a
ore bulk sensitively probe due to a much longer electron mean
ree path (typically 2-10 nm). This means that HAXPES enables the
ondestructive analysis of buried layers and interfaces, and the
iscrimination of bulk and surface related features.
Photoemission studies of Ga1−xMnxAs have indicated the
mportance of Mn  diffusion and surface buildup during low-
emperature annealing. HAXPES ‘bulk’ measurements of the MCD
nd MLDAD in the Mn 2p photoemission are shown in Fig. 7, which
hows that both type of measurements give the same fundamental
pectrum I1 with its typical (−++ −) signature [75,76]. The geome-
ry for MLDAD is shown in Fig. 8(c), where the emission distribution
s independent of the sample surface orientation.
The interference term, which determines the magnitude and
ign of the MLDAD, depends strongly on the kinetic energy [25,27].
ig. 8(a) shows the kinetic energy dependence of the radial matrix
lements Rs and Rd for emission from the Mn  2p to the s and d
ontinua together with the phase difference ı between the outgo-
ng waves. Using Eqs. (61) and (62), we obtain the kinetic energy
ependence of the normalized MCD  and MLDAD signals, respec-
ively, shown in Fig. 8(b) for the ideal measurement geometry. Since
2
d
 R2s , the XMCD intensity is essentially ﬂat with a small energy
ependence due to the interference term. It is useful to mention
hat the situation is rather different for 3p emission, where R2
d
 R2s
elow ∼30 eV, so that the sign of the MCD  reverses [25,27].
The MLDAD, which depends entirely on the interference term,
anishes for sin ı = 0 (at ∼530 eV) and reaches optimal values near
in ı = ±1 (at ∼50 and ∼5450 eV). Therefore, a high photon energy
f several keV is very beneﬁcial for MLDAD measurement, while at
he same time it permits to capture the bulk magnetic properties
ue to the large electron mean free path. Moreover, high kinetic
nergies ensure that the outgoing electron has negligible interac-
ion with the atom left behind, which is an important criterium
or accurate model calculations. The price to pay is of course the
trongly diminished cross section at high energies.Simulations of the spectra using an Anderson impurity model
how that the ferromagnetic Mn  3d electrons of substitutional Mn
n (Ga,Mn)As are intermediate between localized and delocalized
76,75,77].s d
experiment showing possible sample positions. The angular distribution ε(, ) is
proportional to sin 2 sin 2, where ±M‖z, P‖x. For the ideal geometry, ε is along k.
10. Conclusions
The different ways to orient the polarizations of the magnetiza-
tion, electric vector of the light, and the spin of the photoelectron
allow us to measure the different kinds of correlations between
corresponding atomic properties: the valence spin, core hole orbital
moment and core hole spin, respectively. We  can deﬁne fundamen-
tal spectra as those linear combinations of the polarized spectra that
are directly connected to physical properties. Magnetic dichroism
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n core level photoemission, which gives the alignment between the
alence spin magnetic moment and the core hole orbital moment,
equires both spin–orbit and electrostatic interactions. For the
mission from an incompletely ﬁlled localized shell, such as the 4f in
he rare earths, the integrated intensities of the magnetic circular
ichroism and the spin spectrum are proportional to the ground
tate orbital and spin magnetic moment, respectively. In angle
ntegrated photoemission the light polarizaton and the induced
oment of the atom have the same parity, so that the linearly polar-
zed light measure only even moments, and circular polarization
easures only odd (magnetic) moments. However, when the light
olarization vector, the z-axis of the system (e.g., the molecular axis
r the magnetic axis) and the emission direction of the photoelec-
ron are not coplanar, the experimental geometry is not a mirror
mage of itself. Then the interference term between the +1 and
−1 channels no longer cancels but depends on the radial matrix
lement and the phase difference of these channels and we can
easure even moments with odd polarized light and odd moments
ith even polarized light. Thus the photoemission spectrum mea-
ured in magnetic circular dichroism can also be obtained using
inear polarized radiation in a chiral geometry.
The core-hole polarization can be used as a probe of the ground-
tate properties. X-ray absorption measures only the monopole
erm of the core hole, but when the core hole is decaying under
mission of electrons or photons, the angular dependence gives
nformation about the anisotropy of the core hole. The intensity is
 sum over ground-state moments times the probability to create
 polarized core hole using polarized light, times the probability
or decay of such a core hole into the ﬁnal state. The core polariza-
ion analysis generalises the use of sum rules in X-ray absorption
pectroscopy, where the integrated peak intensities give ground
tate expectation values of operators such as the spin and orbital
oments. The photoemission decay makes it possible to measure
ifferent linear combinations of the tensor operators.
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